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Abstrat
It was shown, that the presene of the so-alled X-matter with an
equation of state, whih lies between limits of the strong and weak
energy onditions, allows the variety of the osmologial senarios in
the relativisti theory of gravity. In spite of the xed negative sign
of the osmologial term in the eld equations with massive graviton,
it is possible to obtain the solutions with aelerated and ompliated
loitering expansion of the universe. The numerial estimation of the
universe's age agrees with the modern observational data if the upper
limit of the graviton's mass is 10−71 g
1 Introdution
The so-alled relativisti theory of gravity (RTG), whih was inspired by A.A.
Logunov with o-authors [1, 2℄, is the alternative to Einstein's general theory
of relativity (GR) and diers from it in the ardinal point: the gravitation
is onsidered as the tensor eld of the Faraday-Maxwell's type in the at
Minkowski spaetime. The existene of the at referene bakground metri
in RTG allows of the unambiguity and larity of the obtained solutions,
whih are similar to ones in GR but to have the property of the trivial
extendibility and topologial simpliity. The lasts exlude the existene of
the singularity, blak holes, wormholes, topologial defets et. The struture
of the theory is tougher due to existene of the additional eld equation on
bakground metri, whih is analog of the harmoni oordinate equation in
GR and is introdued in order to exlude the spins 1 and 0 for gravitons.
The additional advantages of RTG are the existene of the onservation lows
and the possibility of the anonial quantization.
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Table 1: Cosmologial parameters [5℄
osmologial parameters observational data
H0 68±6
ΩK 1.1±0.12
ΩM 0.35±0.1
ΩX 0.65±0.15
τ0 12.7±3
w ≤ −0.6
All experimental onsequenes of RTG are the same as ones in GR for
experiments in solar system. But derived in [3, 4℄ osmologial senario dif-
fers essentially: RTG permits only at global spaetime universe, ritial
density of the matter and reollapse of universe in the ase of nonzero mass
of graviton. The preditions of the universe's atness as well as the absene
of the osmologial singularity in the ase of nonzero mass of graviton are
the advantages of the theory. But the deelerated harater of the osmo-
logial expansion and ritial density of matter don't agree with the modern
observational data.
The modern estimations of the basi osmologial parameters are pre-
sented in the Table 1 (H0 is the Hubble onstant in km s
−1
Mps
−1
, ΩK,M,X
are the normalized density parameters for the urvature, matter and osmo-
logial onstant, respetively, τ0 is the minimal estimation of the universe's
age orresponding to age of oldest globular lusters in Gyr, w is the param-
eter of the equation of state for the dominant energy (see below)).
The domination of ΩX provides the aelerated expansion of the universe
beause of the aeleration parameter
a¨
aH2
∣∣
0
= ΩX− ΩM2 > 0 (a is the saling
fator, H is the Hubble funtion, dote denotes the derivative on the time,
the values are onsidered at the present moment) [6, 7℄.
In this work we demonstrate the possibility of variety of osmologial
senarios in RTG with the so-alled "dark energy" (X-matter) term, that
adjusts the RTG preditions with the modern astronomial data.
2 Model
We an not introdue the osmologial onstant Λ with a positive sign in
RTG aimed to desribe the "repulsive" ation of the vauum without mod-
iation of the eld equations. Indeed the eld equations ontaining Λ and
terms desribing the nonzero mass of graviton m have to produe a zero
urvature of the eient Riemannian spaetime, when the tensor of the
energy-momentum of matter Tmn = 0 [2℄. That results in Λ = −m2 and, as
2
onsequene, "attrating" ation of the vauum (or zero osmologial on-
stant for the massless graviton). As it was shown in [8℄, there is the simple
possibility to modiation of the basi eld equations due to introdution
of the massive salar eld that results in the ination senario and ael-
erated expansion of the universe. Suh approah is elegant, but here we
will onsider the pure phenomenologial alternative taking into onsidera-
tion "dark energy" (X-matter), whih does not luster on the small sales,
is weakly oupled to ordinary matter and has phenomenologial equation of
state pX = wXρX (p is the pressure, ρ is the density), where wX lies between
0 (dust of the "usual" matter) and -1 (true osmologial onstant in GR).
There exist the dierent andidates for suh X-matter. The onsideration of
these models is not matter of this work (for overview see [9℄) and we restrit
oneself to the phenomenologial equation of state with onstant negative wX .
The Logunov's eld equations are:
Gmn −
m2
2
(δmn + g
mkγkn − 1
2
δmn g
pkγpk) = −8piTmn , (1)
Dmg˜
mn = 0, (2)
where Gmn is the Einstein's tensor dened on the eient Riemannian spae-
time with metris gmn, γmn is the metris of the at bakground Minkowski
spaetime, Dm is the ovariant derivative on the bakground spaetime,
g˜mn =
√−ggmn, c = G = h¯ = 1. The hoie of signs in Eq. 1 is de-
ned by the use in the alulations of the omputer algebra system Maple 6
[10℄.
Under the assumption of homogeneity and isotropy of the eient Rie-
mannian spaetime (the bakground spaetime has a Galilean metri in our
ase), its interval has the following form in the spherial oordinates [2, 11℄:
ds2 = dτ2 − a(τ)2 [dr2 + r2 (dθ2 + sin(θ)2dφ2)] , (3)
where τ is the proper time, a(τ) is the saling fator as funtion of the proper
time. Hene from Eqs. (1 - 3) we have the evolutional equations:
(
a˙
a
)2
=
8
3
piρ(τ)− 1
6
m2
(
a2 − 1)2 (a2 + 1
2
)
a6
, (4)
a¨
a
= −4
3
pi (3p(τ) + ρ(τ))− 1
6
m2
(
1− 1
a6
)
. (5)
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Then, from the phenomenologial equation of state p = wρ and ovariant
onservation low ∇nT nm = 0 (here ∇n is the ovariant derivative on Rieman-
nian spaetime), we an obtain from Eqs. (4, 5):
(
da(t)
dt
)2
=
1− ΩX − ΩR
a(t)
+
ΩX
a(t)1+3wX
+ (6)
ΩR
a(t)2
− ΩG
(
a(t)2 +
1
2a(t)4
− 3
2a(t)2
)
,
d2a(t)
dt2
= −1− ΩX − ΩR
2a(t)2
− (1 + 3wX)
2a(t)2+3wX
− (7)
ΩR
a(t)3
− ΩG
(
a(t)− 1
a(t)5
)
,
where t = H0(τ−τ0), a(t) is the saling fator normalized to its present value,
ΩR =
8piρR
3H2
0
is the density parameter for the radiation (inluding relativisti
neutrinos) with wR = 1/3, ΩX =
8piρX
3H2
0
is the density parameter for the X-
matter with unknown negative wX , ΩG =
m2
6H2
0
is the density parameter for
the gravitons. For the "usual" matter with density parameter ΩM =
8piρM
3H2
0
we supposed wM = 0. Also, we used the osmi sum rule ΩM +ΩR+ΩX = 1
and took into onsideration that the graviton's term doesn't ontribute to
this rule. As the estimation of wX an be used the extremal values of the
so-alled weak energy ondition ρ+ p ≥0 and strong energy ondition ρ+3p
≥0 [12℄.
3 Disussion
The dynamial properties of the system (6, 7) an be found by the searh of
the zeros of the right-hand sides of these equations. Then from the Eq. 6 we
have the following polynomial equation for the minimal amin and maximal
amax saling fators of the universe:
2(ΩXa
3−3w − ΩGa6) + 2(1− ΩR − ΩX)a3 (8)
+(2Ωr + 3ΩG)a
2 − ΩG = 0
The dependenes of amin and amax on ΩG are shown in Fig. 1 for xed
ΩR ≈ 9.1 · 10−5 [12℄. As it is known [2, 3, 4℄, amin 6= 0 for nonzero m (urve
1). For amin < 10
−4 ≈ 1/ΩR (that is the approximate value of saling fator
at the end of the radiation epoh) the dependene of the minimal saling
fator on ΩX (and ΩM ) is negligible and we an write for this value:
4
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Fig. 1. The logarithms of the minimal (urve 1) and maximal (urves 2-5)
saling fators in the dependene on the logarithm of the graviton's ritial
density. ΩX = 0.65 (1-4), 0 (5), w = -1 (2), -2/3 (3), -1/3 (4)
amin ≈
√
ΩG
2ΩR + 3ΩG
. (9)
But the original feature of our model is the strong dependene of amax on
the presene and state of X-matter. If its equation of state orresponds to
the pure Λ-term (w = -1), there exist the innitely expanding solutions of
Eqs. (6, 7) for ΩG < ΩX (urve 2, see also the asymptotially growing term
in Eq. 8). The transition to more "moderate" w (urves 3, 4) results in the
reollapsing behavior of the universe with dereasing amax as result of |w|
derease. The value of amax in the absene of X-matter is shown by urve 5.
For xed w the growth of ΩX from 0.5 to 0.8 (see Table 1) inreases amax
but this dependene is redued by |w| derease.
Aelerated (deelerated) harater of the universe's expansion is dened
by the sign of the polynomial, whih is the modied right-hand side of Eq.
7:
ΩXa
3−3w(1 + 3w) + 2ΩGa
6 + (1−ΩX − ΩR)a3 (10)
+2ΩRa
2 − 2ΩG
The roots of this polynomial give the values of the ritial saling fator acr
(Fig. 2) determining the transition from the aelerated (deelerated) to the
deelerated (aelerated) expansion.
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Fig. 2. The logarithm of the ritial saling fator in the dependene on
the logarithm of the graviton's ritial density. ΩX = 0.8 (1), 0.65 (2, 4, 5),
0.5 (3), w = -1 (1 - 3), -2/3 (4), -1/3 (5). Curve 6 shows amin, arrows are
direted into regions of the deelerated expansion
It is possible to distinguish following senarios of the universe's evolution:
I. Deeleration and reollapse. The initially aelerated expansion hanges
into deeleration with subsequent reollapse. Suh behavior takes a plae for
ΩG > ΩX in the ase of w = -1 (right-hand side group of urves 1 - 3), for
ΩG lying on the right of lower urve 4 in the ase of w = -2/3 and for all ΩG
in the ase of w = -1/3 (urve 5).
II. Eternal aeleration. For w = -1 there is the region of the simple
aelerated expansion. This region inreases as result of the ΩX inrease
(region between left-hand side and right-hand side groups of urves 1 - 3).
III. Loitering expansion without reollapse. This is a ompliated se-
nario existing for w = -1 and small ΩG (left-hand side group of urves 1 - 3).
The initially aelerated expansion hanges into deeleration, whih hanges
into an eternal aeleration not long before the present time. The region of
the deeleration inreases as result of the ΩX derease (transition from the
left-hand side urve 1 to 3).
IV . Loitering expansion with reollapse. For w = -2/3 the behavior is
the similar to III, but the long aeleration hanges into deeleration and
reollapse (urves 4). The aeleration an be very long for small ΩG.
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Fig. 3. The senarios I - V. ΩG = 0.8 (I), 0.5 (II), 10
−12
(III), 10−3 (IV),
0.62 (V); w = -1 (I - III, V), -2/3 (IV). ΩX = 0.65. Reollapse for senario
IV is loated outside of Fig.
V . Marginally loitering. On the right of the region II for w = -1 there is
the narrow region near ΩG = ΩX , where the aelerated expansion hanges
into deelerated one with the subsequent transition to eternal aeleration.
The examples of the desribed senarios are shown in Fig. 3.
So, in the presene of X-matter there exist the senarios with aeleration
far from amin (II - V). As the main riterion for the seletion of appropriate
senario we onsider the demand of the existene of the radiation dominated
epoh. The last restrits the value of ΩG so as amin < 10
−4 ≈ 1/ΩR. Then
from Eq. 9 one an obtain ΩG < 10
−11.7
that gives for the dimensional
graviton's mass m < 10−71g if H0 = 68km s
−1
Mps
−1
. This estimation is
essentially lower than in [4℄: m < 4.5 ∗ 10−66g, beause of the last value
was obtained on the basis of riterion amax > 1 (i. e. the present epoh
orresponds to expansion for ΩX = 0). Obviously, that our riterion is more
rigid.
The obtained estimation allows to prefer the senarios III or IV for the
ase of the aelerated expansion. The next step is the alulation of the
universe's age, that an be made by the integration of Eq. 6:
τ0 =
1
H0
∫ 1
amin
da√
A
, (11)
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Table 2: Universe's age for senarios III, IV
ΩX τ0(w = −1), Gyr τ0(w = −2/3), Gyr
0.5 11.6 11.2
0.65 12.9 12.2
0.8 15 13.8
where
A =
1− ΩX − ΩR
a
+
ΩX
a1+3w
+
ΩR
a2
−
Ωg
(
a2 +
1
2a4
− 3
2a2
)
.
It is onvenient to divide the integration on the two part: radiation
dominated epoh and matter dominated epoh. For the rst interval one
an use the approximation, whih produed Eq.9. Then the duration of
the radiation dominated epoh is ∼ 105 yr with slow dependene on ΩG for
amin ≪ 1/ΩR. The further integration for the matter dominated epoh gives
the results, whih are presented in Table 2 (H0 = 68km s
−1
Mps
−1
). The
obtained values of the universe's age agree with the modern observational
data (see Table 1) and don't depend on the graviton's mass.
4 Conlusion
The introduing of the Λ-term in the Lagrangian of RTG demands Λ = −m2
that ontributes to the deeleration of the universe's expansion. However,
modern observations suggest the aelerated expansion at the present epoh.
We showed that without modiation of the eld equation [8℄ the insertion
of X-matter with the equation of the state, whih is lose to the extremal
weak energy ondition ρ+ p = 0 extends the lass of the osmologial mod-
els in framework of RTG. As result, there exist the osmologial senarios,
whih agree with the observational data. We demonstrated, that in the ase
of m < 10−71g and −1 ≤ w ≤ −2/3 the minimal size of the universe, its
age and aeleration at the present epoh don't ontradit with the models
onsidered in the framework of GR. But the existing data don't allow to
hoose between dierent senarios beause the similar present behavior re-
sults in the essential dierene in the future: eternal expansion for w = −1
(or m = 0), and reollapse for w > −1. Moreover, the evolution, as rule, be-
haves the ompliated loitering harater with alternation of the aeleration
and deeleration. That demands the additional investigations in this dire-
tion, espeially, the searh of RTG onsequenes for the universe's struture
formation.
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This work was arried out by the use of the omputer algebra system
Maple 6. We suppose, that the algorithmization of the RTG basis an
stimulate the investigations in this diretion. The orresponding ommented
program an be found and downloaded on [11℄.
Author is Lise Meitner fellow at the Tehnial University of Vienna
(projet M611).
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